We analyzed structural features of N-glycans linked to glycoproteins expressed in various seaweeds to identify new sources of biologically-important N-glycans or N-glycopeptides. Structural analysis of the N-glycans of glycopeptides prepared from pepsin digests of 15 species of seaweed revealed that only high-mannose type N-glycans occur in seaweed glycoproteins, and the Man 9 GlcNAc 2 structure predominates in Sargassum fulvellum and Zostera marina, while no typical plant complex type N-glycans bearing 1-2 xylosyl and 1-3 fucosyl residues present in either algae or seagrass. These results indicate that seaweeds lack the activities of several of the glycosyltransferases required for the biosynthesis of the complex type N-glycans found in terrestrial plants, and that the context of N-glycan processing in seaweeds is different from that in terrestrial plant cells.
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It is believed that highly antigenic N-glycans bearing 1-2 xylosyl and/or 1-3 fucosyl residues are ubiquitously expressed in higher plant cells, [1] [2] [3] and we have found that plant antigenic N-glycans can be used as antiallergenic drugs. 4) Previously, we analyzed the structural features of N-glycans linked to glycoproteins expressed in various edible beans (zatsu-mame in Japanese, defined as edible beans excluding soybean and peanut) to identify new sources of useful N-glycans and N-glycopeptides.
5) It was found that typical highmannose type N-glycans predominate of storage glycoproteins in these edible beans, although plant antigenic N-glycans occur ubiquitously as minor components in all edible beans. We also found Phaseolus and Vigna beans to be very good sources of Man9-7GlcNAc2-As peptides, which can be used in the preparation of antibodies against the coat-glycoproteins expressed on HIV. On the other hand, secreted type plant glycoproteins predominantly contain plant antigenic N-glycans bearing the Lewis-a epitope in addition to a combination of 1-2 xylose and 1-3 fucose. [1] [2] [3] As for glycoproteins produced by terrestrial plants, the structural features of N-glycans linked to these glycoproteins have become clear over the last two decades, but the structural features of the N-glycans expressed in seaweeds, which belong to the plant kingdom (Plantae), remain to be elucidated. In this study, therefore, we analyzed the structural features of N-glycans linked to the glycoproteins expressed in various seaweeds (green algae, red algae, brown algae, and sea grass) to identify sources of biologically-important N-glycans and N-glycopeptides.
For structural analysis of these N-glycans, we used 15 species of seaweeds: seven species of brown algae (Sargassum fusiform, Sargassum fulvellum, Sargassum horneri, Sargassum autumnale, Sargassum thunbergii, Sargassum piluliferum, and Ishige okamura), five species of red algae (Gloiopeltis furukata, Gracialia bursa-pastoris, Gracilia incurvata, Hypnea charoides, and Chondrus ocellatus), two species of green algae (Ulva pertusa and Codium fragile), and a sea grass (Zostera marina). Codium fragile was collected at seashore of Karatsu (Sea of Japan, Saga Prefecture, Japan) and Zostera marina was collected at Ushimado (Seto Inland Sea, Okayama Prefecture, Japan). Thirteen y To whom correspondence should be addressed. Fax: +81-86-251-8388; E-mail: mmaeda@cc.okayama-u.ac.jp Abbreviations: RP-HPLC, reversed-phase HPLC; SF-HPLC, size-fractionation HPLC; PA-, pyridylamino; Endo-H, endo--N-acetylglucosaminidase from Streptomyces plicatus; Hex, hexose; HexNAc, N-acetylhexosamine; Pen, pentose; Man, D- 
further of algae were collected at Hatsukaichi (Seto Inland Sea, Hiroshima Prefecture, Japan).
The seaweeds (50 g-250 g) were washed thoroughly in running tap water and cut into small pieces with scissors. They were boiled in deionized water (1 L), and the shredded seaweed was homogenized in 3% formic acid and incubated with 100 mg of pepsin at 37 C for 72 h. Following centrifugation (6;000 g, 20 min), the supernatant was concentrated to about 100 mL with a rotary evaporator, and was dialyzed against deionized water (1 L). The outer solution was concentrated to about 50 mL with the rotary evaporator, and then desalted using a combination of gel filtration with a Sephadex G-25 column (4:5 Â 90 cm) and an ionexchange method using a Dowex 50 Â 2 resin. The glycopeptides that bound to the Dowex resin were eluted with 0.1 N NH 4 OH and concentrated with a rotary evaporator and lyophilized. The glycopeptides were dissolved in 50% acetonitrile-water and applied to a Shodex Asahipak NH2P-50 column (4:6 Â 250 mm, Showa Denko, Tokyo) equilibrated with 80% acetonitrile-water. The column was washed with 80% acetonitrile-water, and the bound glycopeptides were eluted with 20% acetonitrile-water. The glycopeptide-fraction obtained was concentrated to a small amount with a rotary evaporator and lyophilized, and N-glycans were liberated by hydrazinolysis (100 C, 10 h) from the glycopeptides. The resulting hydrazinolyzate was Nacetylated with saturated sodium bicarbonate and acetic anhydride. The liberated N-glycans were tagged with 2-aminopyridine by the method of Natsuka and Hase. 5) After gel-filtration with a Sephadex G-25 column (2:8 Â 45 cm) to exclude excess reagents, the resulting pyridylaminated (PA-) derivatives were partially purified by RP-HPLC using a Cosmosil 5C18-AR column (10 Â 250 mm), as described in our previous paper. 6) The PA derivatives that eluted between 20 to 45 min were pooled as pyridylaminated N-glycans. The Nglycan fractions obtained by RP-HPLC were analyzed by SF-HPLC using a Shodex Asahipak NH2P-50 column (4:6 Â 250 mm, Showa Denko, Tokyo) at a flow rate of 0.7 mL/min. 6) Based on the elution positions of the PA-sugar chains obtained from these 15 seaweed glycoproteins on SF-HPLC, it was deduced that almost all N-glycans of algae and seagrass are typical highmannose type N-glycans as shown in Fig. 1 . In the case of Ulva pertusa (about 100 g wet weight), however, only trace amounts of high-mannose type N-glycans were detected, indicating that the levels of glycoproteins expressed in this green alga are very low.
The deduced structures of these PA-sugar chains were further characterized by exo-and endo-glycosidase digestion. Almost all the PA-sugar chains from the 15 seaweeds were converted to Man 5 GlcNAc 2 -PA by -1,2-Man'ase (Seikagaku Kogyo, Tokyo), and were converted to Man1GlcNAc2-PA by jack bean -mannosidase, suggesting that the major N-glycans had a common core structure (Man 5 GlcNAc 2 ) and a few additional 1-2 Man residues. The HPLC profiles of the glycosidase digests of the N-glycans from Gloiopeltis furcata and Zostera marinare are shown in Fig. 2 as typical examples. Furthermore, almost all the PA-sugar chains were completely digested by Endo-H (Seikagaku Kogyo, Tokyo), indicating that typical high-mannose type Nglycans exclusively occur in these seaweeds (data not shown). Although several minor peaks were found on the Glycosidase digests of pyridylaminated N-glycans were analyzed by SF-HPLC using a Shodex Asahipak NH2P-50 column. -1,2-Man'ase, -1,2-mannosidase digest; JB -Man'ase, jack beanmannosidase digest. Since several minor peaks found on the chromatogram of the JB -Man'ase digest were not digested by -1,3/6-galactosidase or JB -N-acetylglucosaminidase, these minor peaks must not be N-glycans.
chromatograms, especially on those of K and L (Fig. 1) , they were not digested by -mannnosidase (Jack bean), -N-acetylglucosaminidase (Jack bean, Seikagaku Kogyo, Tokyo), -1,3/6-galactosidase (Sigma, St. Louis, MO, USA), or -xylosidase (purified from tomato fruit 7) ), suggesting that typical plant complex type N-glycans, such as Man 3-1 Xyl 1 Fuc 1 GlcNAc 2 or GlcNAc 2-1 Man 3 Xyl 1 Fuc 1 GlcNAc 2 , were not expressed, or if any, the amounts must have been very low. On the other hand, MS analysis of the pyridylaminated Nglycans of seaweed-glycoproteins with an Agilent 6520 Q-TOF LC/MS equipped with a HPLC-Chip interface also confirmed the deduced structural features and the predominant occurrence of high-mannose type glycans. Reversed-phase HPLC of these high-mannose type Nglycans showed the major isomer of the M8 structure to be M8A, the major isomers of the M7 structure to be M7A and M7B, and the major isomer of M6 structure to be M6B. The structural features of the N-glycans of the 15 seaweeds are summarized in Table 1 .
Complex type N-glycans bearing 1-2 xylose and 1-3 fucose residues, which are ubiquitously biosynthesized in terrestrial plant cells, were not detected in glycoproteins expressed in seaweeds. Although Zostera marina, eel grass, is a spermatophyte not an alga, no terrestrial plant-specific complex type N-glycans were detected. These results suggest that seaweeds living in hypersaline environments lack the 1-2 xylosyl and 1-3 fucosyl transferase genes of terrestrial plants, or that expression of the genes is suppressed.
As for the N-glycans of glycoproteins of Zostera marina and Sargassum fulvellum, the M9 structure was predominant, indicating that these two seaweeds are good resources for the preparation of Man 9 GlcNAc 2 -Asn in large amounts. Since high-mannose type N-glycans containing the Man1-2Man1-2Man unit, such as Man 9 GlcNA 2 -Asn, can be used as epitopes in the preparation of anti-HIV antibody 8, 9) and as chaperonelike oligosaccharides in protein assembly, 10, 11) Zostera marina and Sargassum fulvellum are useful resources to prepare large amounts of Man 9 GlcNAc 2 -Asn with just a few purification steps. On the other hand, in the case of Gloiopeltis furcata, Man 5 GlcNAc 2 , the core structure of high-mannose type glycans, was a major N-glycan component, indicating that the processing 1-2 mannosidase functions effectively during N-glycan processing in this red alga.
In conclusion, in this study we found that glycoproteins expressed in seaweeds bear typical high-mannose type N-glycans but not the complex type N-glycans specific to terrestrial plants, indicating that some glycosyltransferases ubiquitously expressed in terrestrial plant cells, such as -N-acetylglucosaminyl transferase (-GlcNAcT), -xylosyl transferase (-XylT), andfucosyl transferase (-FucT), are absent or that the expression of these glycogenes is suppressed in seaweed cells. Furthermore, it was found that Zostera marina and Sargassum fulvellum are good natural sources of Man 9-7 GlcNAc 2 -Asn, which can be used as a lead compound in the development of glyco-drugs and glycoreagents to produce useful antibodies against HIV and to stimulate the human immune system.
